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1 Introduction 

Monkey cerebral cortex area F5 contains specific 
‘mirror neurons’ that fire both when the monkey 
performs and when he observes various 
goal-directed hand actions. The mirror neurons 
have been thought to compose an action 
execution/observation matching system [1]. 

Several recent studies have aimed at finding a 
similar action execution/observation matching 
system in humans. Positron emission tomography 
(PET) recordings have shown activation of the 
anterior left inferior frontal area (IFA), 
corresponding to Brodmann’s area (BA) 45, and of 
the left superior temporal sulcus (STS) during 
observation of hand-grasping movements [2]. 
Convincing evidence for the existence of this 
system in humans was obtained from a transcranial 
magnetic stimulation study showing increased 
motor evoked potentials in the hand muscles when 
the subject observed actions of another individual 
[3]. Recent neuromagnetic recordings have 
completed the picture by showing activation of the 
primary motor cortex during observation of 
explorative finger movements [4]. Thus there seems 
to exist a human homologue of the monkey 
observation/execution matching system. Such a 
mirror-neuron system could play an essential role in 
our understanding of motor actions and intentions 
of other individuals, thereby providing a bridge 
from doing to communicating. The mirror-neuron 
system could also be involved in imitation, which is 
a fundamental human ability, based on an inherent 
link between the cognitive and motor systems. 
Imitation is considered, on the basis of the 
understanding of actions, to be the mediator 
between execution and observation. Recent study 
by fMRI showed the activation of the left BA 44 
during imitation of finger action [5]. 

Because none of the previous studies has reveled 
the relative timing of different areas of the mirror 
system, we elucidated the cortical temporal 
dynamics of action representation during execution, 
observation, and imitation of hand actions in 
humans [6]. 


2 Methods 

2.1 Subjects 

We studied seven healthy volunteers: four males 
and three females; ages 25-41 years (mean 30); five 
were right-handed and two were left handed as 
assessed by the Edinburgh Inventory [7]. Two 
subjects, assessed as left-handers, had been trained 
during childhood to use their right hand for writing, 
drawing, and eating and were thus at present 
’’trained right-handers”. None of the subjects had a 
previous history of neurological or visual disorders. 
Informed consent was obtained from each subject 
after full explanation of the study. 

2.2 Experimental paradigm 

During the experiment, the subjects were sitting in 
a magnetically shielded room and were asked (i) to 
make self-paced movements once every 4-9 s to 
reach and pinch with the right index finger and 
thumb the tip of the manipulandum in front of them, 
and then to return to the initial position as quickly 
as possible (. Execution ; Fig. la), (ii) to perform 
‘on-line imitation’ by making movements similar to 
those of the experimenter on the right, in front of 
the subject (Imitation ), (Hi) to view similar 
pinching movements of the experimenter 
(Observation ), or (iv) to view the experimenter 
extending and returning his right hand with open 
palm in front of the subjects without pinching the 
manipulandum ( Control ; Figs, lb and c). During 
Execution and Imitation , all subjects moved their 
right hand from the resting position on the desk 
where the manipulandum was placed 50 cm in front 
of them; the tip of the manipulandum was 20 cm 
from the resting position of the right hand. During 
Imitation , the subjects extended their right hand to 
the tip of the manipulandum as soon as they could 
see the experimenter’s hand extending but did not 
touch the manipulandum. During Observation and 
Control , the subjects kept their right hand relaxed 
on the desk. 




Figure 1: (a) The experimenter is pinching the top 
of the manipulandum between his right index finger 
and thumb during the Imitation and Observation 
tasks, (b) and (c) The experimenter is extending his 
right hand towards the manipulandum without 
pinching it during the Control task. 

2.3 Data acquisition 

The magnetic signals of the brain were measured 
with a helmet-shaped 122-channel neuro¬ 
magnetometer (Neuromag). To allow alignment of 
the magnetoencephalogram (MEG) and MRI 
coordinate systems, the positions of three head 
position indicator coils with respect to anatomical 
landmarks were measured with a three-dimensional 
digitizer. Head position was re-defined at the 
beginning of each measurement. Head MRIs were 
obtained with a 1.5-T Siemens Magnetom system. 
To monitor eye movements and blinks, vertical 
electrooculogram (EOG) was recorded from 
electrodes placed below and above the left eye. To 
monitor the subjects' vigilance, the waveforms of 
EOG and selected channels of the MEG were 
inspected continuously during the recording. The 
recording passband was 0.03-100 Hz (3 dB points) 
for MEG, 0.01-100 Hz (6 dB points) for EOG. The 
sampling rate for digital conversion was 404 Hz, 
and the data were stored on an optical disk for later 
off-line analysis. The recording time for each 
condition was 5 min. To confirm the signal 
reproducibility, the measurement of each condition 
was repeated at least once, and the order of the 
experimental conditions was counterbalanced 
across subjects. When the measurements were 
contaminated with excessive artifacts by eye 
movements and/or blinks in any of the channels, or 
when the subject was found to be drowsy, the 
measurement was excluded from analysis and an 
additional set of data was collected. 

2.4 Data analysis 

2.4.1 Identification of waveforms 

The signals for each condition were averaged 
separately off-line from 1500 ms before to 1500 ms 
after the time when the subject or the experimenter 
pinched the tip of the manipulandum. Epochs 
containing MEG signals exceeding 1500 fT/cm, 
EOG exceeding 150 pV (< 5% of all epochs). The 
first 10% of the whole 3-s time window (from 


-1,500 ms to -1,200 ms) served as the baseline for 
amplitude measurements at each channel. 

2.4.2 Source modeling 

Sources of the MEG signals were modeled as 
described previously [5, 8, 9]. After the 
reproducibility of MEG waveforms had been 
confirmed for each individual subject, the averages 
of the two measurements within each condition 
were digitally low-pass filtered at 40 Hz. The 
processed data were used for construction of 
isocontour maps and for source analysis. The 
sources of the magnetic fields were modeled as 
equivalent dipoles (ECDs) whose three-dimensional 
locations, orientations and current strengths were 
estimated from the measured signals. A spherical 
head model was adopted, based on the individual 
MRIs obtained from each subject [8]. The ECDs 
that best explained the most dominant signals were 
determined by a least-squares search, based on data 
of 20-30 channels at areas, including the local 
signal maximaum. For each subset of channels, 
ECDs were calculated for every 1-ms segment over 
the time period of 50 ms, containing the peak of 
each main response. We accepted only ECDs 
accounting for with g-value > 80% and confidence 
volume < 1 cm 3 . Thereafter, the analysis period was 
extended to the whole measurement time and to all 
channels, by using a multidipole model where the 
strengths of the previously found ECDs were 
allowed to vary as a function of time while their 
locations and orientations were kept fixed. The 
measured signals explained by the model were 
extracted with signal space projection [10], and a 
new ECD was identified on the basis of the residual 
field pattern. Finally the estimated dipoles obtained 
through this procedure were superimposed on the 
subject's own MRI, according to the alignment of 
the MEG and MRI coordinate systems. 

3 Results 

3.1 Waveforms 

During Execution, Imitation, and Observation, 
prominent responses were observed at the occipital 
area, the left IFA, and the primary motor areas (Ml) 
of both hemispheres (Figure 2). During Control 
only the most posterior responses were seen. 




Figure 2: Whole-scalp magnetic responses from a 
subject during the Imitation task. Signals from the 
left inferior frontal (a), the left and right 
sensorimotor (b and c), and the occipital (I) areas 
are enlarged on the right, and the traces from the 
other three tasks are superimposed with different 
colors. 

3.2 Source distribution 

At the main response peaks, the magnetic field 
patterns were dipolar over several regions of both 
hemispheres. Figure 3 shows for one subject the 
main sources in the left occipital area (BA19), the 
left posterior IFA (BA44), and in the Ml (BA4) 
areas of both hemispheres; the same sources were 
active during Execution , Imitation, and Observation, 
but only the posterior source was seen during 
Control. In four out of seven subjects, sources were 
also found in the left posterior temporooccipital 
area during Imitation and in three subjects during 
Observation. In two subjects, the right IFA was also 
activated during all conditions except Control, and 
in one subject, the right occipital area was activated 
during Imitation. 



Figure 3: The main source locations for a subject 
during all conditions superimposed on his own 
three-dimensional MRI. Occ, occipital area. 

The strengths of the four dipoles were calculated 
with the same multidipole model for all conditions 
in a single subject (Figure 4, left). The relative 
timing of different areas clearly varied according to 
the condition, in agreement with the raw signals 
shown in Figure 2. Although the major signals 
peaked at the same areas in all conditions, there 
were considerable differences in their timing 


between the four areas (p < 0.001 or 0.05) (Figure 4, 
right). During Execution , the left BA 44 was 
activated first, peaking 265 ms before pinching, 
followed by the signals in the left BA4 (100-150 
ms later), the left occipital and the right BA4 areas. 
During Imitation and Observation , the signals 
started from the left occipital area (peaks at -375 
and -280 ms, respectively), followed by signals 
over the left IFA and both BA4. The right BA4 was 
always activated last, typically 100-200 ms after 
activation of the left BA4. The waveform patterns 
of the two trained right-handed subjects were 
similar to those of the congenitally right-handed 
subjects. 



Figure 4: Strengths of the main four dipoles (left) 
and mean (± SEM) peak latencies of source 
waveforms (right). ***: p < 0.001, *: p < 0.05. See 
the text. 

Activations of the left BA44 and the left BA4 were 
significantly stronger during Imitation than during 
other conditions (150-250%; p < 0.01 and 0.05, 
respectively). During Execution and Observation 
the source strengths did not differ from each other. 
During Control , activity differing from the noise 
level (p < 0.05) was detected only in the occipital 
area. 

4 Conclusions 

The common areas of activation observed during 
action Execution , Imitation and Observation 
strongly support the existence of an action 
execution/observation matching system in humans, 
similar to that described in monkeys. The observed 
temporal dynamics of cortical areas stresses the role 
of the left BA 44 as an orchestrator of the human 
“mirror-neuron system” which probably contributes 
to our understanding of actions made by others. 
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